seizures. Nevertheless, the authors clearly demonstrated that Chd2 is critical for GABAergic interneuron differentiation and a loss of these neurons leads to memory deficits. They also showed evidence that Chd2 may play a role in glutamatergic neuron differentiation and, in addition to the broad expression of Chd2 in the adult mouse brain, demonstrate that further analyses are needed to fully understand the role of Chd2 in specific neuronal subtypes. Moreover, additional experiments are needed to understand the molecular role of Chd2. Despite the gene expression changes in Chd2 +/À mice, it is unknown if these are direct targets and whether Chd2 binds chromatin/DNA to directly control gene expression. Furthermore, mouse models may not completely simulate human brain development (Rakic, 2009 ), e.g., specific subtypes of interneurons may have different origins in the mouse and human brain, and human brain has a larger expansion of cortical surface compared to mouse, among others. For this reason, studies of human tissues or in vitro analyses of patient-derived neurons or 3D organoids represent powerful complementary approaches to fully comprehend the etiology of CHD2 patients.
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The brain's ability to generate a coherent thought or memory requires synchronous, patterned activation of many neurons across multiple brain regions. Electrical oscillations in the brain with periodically reduced and enhanced excitability are network patterns that can effectively govern this synchronization of neuronal ensembles or cell assemblies, just like an orchestral conductor drawing upon different instruments as situations demand. Sharp-wave ripple (SWR) oscillations represent the most intense neural symphony in the mammalian brain, which is played together by tens of thousands of neurons in the hippocampus over a timescale of $100 ms (see Buzsá ki, 2015 for a review). SWRs in area CA1 are prominent during awake immobility and sleep, and are composed of high-frequency ''ripple'' oscillations (150-250 Hz) and a slower ''sharp wave'' (SW; < 20 Hz). Another fascinating feature of SWRs is the phenomenon called ''replay.'' Hippocampal neurons known as ''place cells'' fire selectivity when rodents run through particular locations in the environment, and thus sequential firing of place cells represents trajectories during active spatial exploration. During ''offline'' SWRs, these neuronal sequences are replayed in the same (forward replay) or opposite (reverse replay) order as during experience, but on a much faster timescale. The replay of waking experiences is believed to facilitate plasticity processes and communication of memory information between the hippocampus and the neocortex to support learning, consolidation, and retrieval (Buzsá ki, 2015; Foster, 2017) .
To conduct such a magnificent symphony during SWRs, the hippocampus must possess finely tuned neural circuitry and cooperative mechanisms that enable precisely timed recruitment of target neurons among $50,000-150,000 cells in the hippocampal complex for sequence replay. A wealth of evidence suggests that the hippocampus indeed contains specialized microcircuits, which give rise to this strikingly synchronous activity, SWRs (Buzsá ki, 2015) . The origin of the low-frequency component of SWRs (i.e., SWs) has been suggested to be in the hippocampal area CA3, presumably initiated by synchronous bursts of large groups of CA3 cells within its highly recurrent excitatory microcircuits. This activity then propagates to CA1 dendrites in the stratum radiatum (SR) layer through the Schaffer pathway, resulting in massive excitation of CA1 neurons and concomitant synchronization of its interneuron network. Within CA1, recurrent interactions between pyramidal cells (PYR) and interneurons (INT) in the stratum pyramidale (SP) layer are thought to play a key role in high-frequency ripple generation (Gan et al., 2017; Stark et al., 2014) . However, the exact interaction mechanisms within these complex circuits for SWR genesis and for eliciting sequence replay remain elusive. One of the puzzles is that, while many SWR events include replayed sequences of cells in both CA3 and CA1, the ripple oscillations themselves in different hippocampal locations are not synchronized (Buzsá ki, 2015) . Interestingly, recent studies have found that slow-gamma oscillations (20-50 Hz) occur synchronously across CA1 and CA3 and may serve as a coordination mechanism for replay across these two areas (Carr et al., 2012; Pfeiffer and Foster, 2015) . However, what are the cellular sources of this slow-gamma synchrony, and how is this coordinated with SWs and ripples? And how are memoryrelated neuronal ensembles selected for reactivation (or replay) during SWRs in a precise temporal order? While various cellular models have been proposed to explain how SWRs are generated, the interpretation of these models for such problems has been limited by the inability to extend cellular mechanisms to explain network phenomena. In this issue of Neuron, Ramirez-Villegas et al. (2018) provide an elegant model that brings together cellular and synaptic mechanisms underlying SWR generation to also explain network features of slowgamma coherence and sequence replay. The model not only offers beautiful solutions to the key questions described above but also successfully reproduces almost all basic SWR characteristics revealed in experimental data that are known to date. The implications and new perspectives derived from their model also pave ways for new theoretical and experimental studies in the future.
Ramirez-Villegas et al. (2018) started with a biophysically realistic model for neurons, the multi-compartmental model. This model outlines key features of hippocampal connectivity: it has the ''recurrent excitation'' architecture of the CA3 area, ''feedback and reciprocal inhibition'' circuits of the CA1 area, and the major excitatory pathway between CA3 and CA1 revealed by experimental data (Buzsá ki, 2015; Stark et al., 2014) . Notably, the model not only captures the basic microstructure of CA1 and CA3 circuits at the cellular level, but its multicompartment design also has the advantage of parsing the dendritic and somatic dynamics of each neuronal sub-type. This CA3-CA1 circuit structure reproduces SWR complexes, and the authors demonstrate that the model can account for many fundamental SWR features found in empirical data in rodents as well as in macaque monkeys. First, by isolating the synaptic and transmembrane compo-nents of LFP, they confirmed the experimental finding that SWs and slow-gamma originate from CA3, appearing as dominant components of dendritic potentials (inputs) to CA1 pyramidal neurons in stratum radiatum. In contrast, high-frequency ripple oscillations were prominent in the somatic potentials of CA1 neurons in the pyramidal layer. In addition, somatic excitation and inhibition in CA1 neurons, but not CA3-mediated dendritic excitation, were locked to the phases of ripple oscillations in their model, with the timing matching previous experimental data (Gan et al., 2017) ; this indicates that CA1 recurrent interactions between excitation and inhibition lead to high-frequency ripple generation. Further, by measuring the synchronization of LFP and spiking activity in CA1 and CA3, they found that slow-gamma oscillations in these two areas were strongly synchronized during SWR complexes, again consistent with previously reported findings (Carr et al., 2012) . Critically, the computational model enables not only observation of circuit dynamics but also manipulation of individual activity components with high precision to investigate their network contributions, which is not trivially accessible in experimental measurements. One example is that while there is increasing evidence about the important role of inhibition from CA1 interneurons in ripple generation, whether reciprocal inhibition (INT-to-INT) or feedback inhibition from INT-to-PYR is key to this generation is still under debate. By manipulating different inhibition sources, the authors found that blockade of the reciprocal inhibition (INT-to-INT) in CA1 resulted in abolishment of ripples, supporting the need for reciprocal inhibition as suggested by previous experiments (Stark et al., 2014) . Blockade of INT-to-PYR inhibition or PYR-to-INT excitation instead led to enhanced high-frequency oscillations and more promiscuous recruitment of pyramidal cells in ripple events. The model thus establishes that ripples involve a transient imbalance between excitation (from CA3-to-CA1 and within-CA1) and inhibition (within-CA1), with rhythmic intra-CA1 excitation and inhibition coordinating the ripple oscillations, thus confirming the pacing role of inhibition and a PYR-INT-INT mechanism for ripples (Stark et al., 2014) . Interestingly, this model also provides critical insights into the cellular sources mediating slow-gamma synchrony in CA1 and CA3 and selective replay of hippocampal sequences, which has long been a puzzle. In the simulation, the authors changed the synaptic coupling between CA3 and CA1 through the Schaffer pathway; they also adjusted the strength of associated PYR-INT synapses in CA1 feedback inhibition circuits as well as INT-PYR coupling. They found that these manipulations resulted in enhanced slow-gamma activity and selective reactivation of ensembles with temporally ordered spike sequences in CA1 (i.e., replay sequences; both forward and reverse sequences were generated in the model), and that these effects were not made manifest by simply modifying the feedforward excitation from CA3. This is in agreement with previous studies, which suggest that neuronal interactions within CA1 are important for sequence generation and the formation of new memories. Ramirez-Villegas et al. (2018) thus show that reciprocal PYR-INT synapses in CA1 indeed play a key role in memory encoding by mediating control of the content of sequence replay. Overall, this model provides plausible mechanisms for SWR generation, network coordination, and memory replay (Figure 1) . These results thus fill critical gaps in our understanding of how cellular and synaptic mechanisms lead to network oscillations and ultimately generate systemic functions required for memory.
At the same time, this study also raises some interesting questions. The focus of the model is not on reproducing exact anatomical details but rather extracting general principles that explain cellular as well as network phenomena. For example, this model does not include the CA2 region (Figure 1) , which has been suggested to be important for triggering SWRs (Buzsá ki, 2015) . Similarly, the model does not attempt to reproduce the entire hippocampal network with thousands of neurons comprising multiple sub-types, but rather focuses on key circuit elements and critical neuronal subtypes for SWR generation. The principles extracted from this model can be generalized in future studies to a more elaborate anatomical description.
Further, it remains unclear whether different mechanisms lead to reverse and forward replays, a question that this model does not address. Previous studies have revealed some important differences between forward and reverse replay (Foster, 2017) . For example, reverse replay, not forward replay, is strongly modulated by novelty and reward. Many experimental findings and theoretical models have suggested that reverse replay seems ideally suited for supporting memory consolidation, whereas forward replay in the awake state seems more suited for utilizing previous experiences to guide future behavior (Foster, 2017; Tang and Jadhav, 2018) . Future models still need to address mechanisms that determine the order of replay sequences and how factors such as learning, novelty, and reward signals sculpt reverse and forward replays.
It is also worth noting that effective functional connectivity of the hippocampal formation changes in different behavioral states. While SWRs occur in both awake and sleep states, slow-gamma modulation of CA1 and CA3 spikes during SWRs is weaker in sleep than in awake states (Carr et al., 2012) . Previous studies have also found that hippocampal replay during awake SWRs recapitulates waking Hippocampal sharp-wave ripple oscillations represent the most synchronous network pattern among all known brain rhythms. But how these events are generated and how they mediate organization of cell assemblies to produce precisely timed sequences that replay previous experiences remain a mystery. Using a biophysically realistic model, Ramirez-Villegas et al. (2018) reveal the fundamental organization principles of this hippocampal neuronal orchestra for SWR genesis. Their results reveal the role of key circuit elements-recurrent CA3 excitation, feedforward excitation from CA3 to CA1, and feedforward and recurrent inhibition within CA1-in generating slow sharp waves (SWs; < 20 Hz) and fast ripple oscillations (150-250 Hz), as well as network features of slow-gamma coherence (20-50 Hz) and organized sequence replay. experiences more accurately than sleep replay (e.g., Tang et al., 2017) . Thus, replay of hippocampal ensembles is controlled not only by the local network, but also by global brain states that presumably involve circuits outside hippocampus. Indeed, cortical activity has been shown to respond to and influence replay activity in the hippocampus (Tang and Jadhav, 2018; Tang et al., 2017; Yamamoto and Tonegawa, 2017) . Therefore, several fascinating questions still remain to be addressed here: for example, how do external networks coordinate with the hippocampus during memory replay, and how do extra-hippocampal contributions influence the reactivation of ensembles in the hippocampus?
In light of the remarkable results from Ramirez-Villegas et al. (2018), the orchestra in the hippocampus has been further unveiled, with a sophisticated coordination mechanism that involves thousands of neurons during SWRs. This study further cements the status of SWRs as one of the best understood network rhythms in the mammalian brain, both at the level of cellular and synaptic mechanisms and for network-level synchronization and generation of sequential replay of cell assemblies. The fundamental architecture and key principles laid out by this study will inspire future investigations on how widespread brain networks engage in this spectacular symphony called sharp-wave ripples.
